Abstract. In this paper, Di erential Evolution with Wavelet Mutation (DEWM) is applied to the radiation pattern synthesis of circular geometries of antenna array. Two circular geometries have been considered: (a) Time-Modulated Half-Symmetric Circular Antenna Array (TMHSCAA); (b) 9-ring Time Modulated Concentric Circular Antenna Array (TMCCAA). DEWM algorithm is applied to show the performance improvement of the optimal designs of TMHSCAA and TMCCAA. While doing so, various other stochastic algorithms, such as Real coded Genetic Algorithm (RGA), Particle Swarm Optimization (PSO), and Di erential Evolution (DE), are used for the sake of comparison to establish the superiority of DEWM. For TMHSCAA, elements are symmetrical around the vertical axis; therefore, the number of parameters to be optimized is reduced with two control parameters, such as switching excitation phase of each element. For TMCCAA, two proportional case studies, Case 1 and Case 2, are investigated with di erent variable parameters. The simulation outcomes show the supremacy of DEWM to be a plausible claimant for scheming the best TMHSCAA and TMCCAA. The simulation tests have also been performed with 20-and 36-element TMHSCAAs and 9-ring TMCCAA.
Introduction
Circular antenna array is the congregation of a similar type of elements in a circular fashion. The radiation pattern obtained by the antenna array is controlled by various parameters [1] [2] . Previous research works have shown that the time modulated linear antenna arrays are attractive for the synthesis of low/ultralow sidelobes [3] [4] [5] [6] [7] [8] [9] [10] [11] . The conventional antenna array can be considered as the radiation source distributed in space, usually of three dimensions [1] [2] .
In [3] [4] [5] , time-modulation technique is used to carry out a preferred radiation patterns by exploiting the on-o switching of the array elements. This feature can help to accomplish a better radiation pattern than those of the traditional antenna array synthesis methods. Usually, the radiation source of an antenna has three dimensions. Consequently, the exibility to control the radiation pattern is restricted; alternatively, the installation cost is excessively high. The time modulation concept extensively employed in the antenna array achieves the low side lobe radiation characteristics even with the uniform current excitation weights. The same concept of time modulation has also been extended into circular arrays. The fundamental problem associated with the time-modulated array is that they generate harmonics, or sidebands at the multiples of the switching frequency [6] [7] [8] [9] . A number of researches on Time Modulated Antenna Arrays (TMAAs) have followed this work. Yang et al. carried out a series of studies on 4D antenna arrays including various features mentioned in [6, 7, [9] [10] [11] [12] .
The key feature of a circular ring array is the cylindrical symmetry of its radiation pattern and of compact structure, thus nding considerable interest in various applications including radio direction nding [1] , radar [13] , communication [14] , and electronic countermeasures, navigation and imaging [15] .
Di erent evolutionary algorithms, such as Genetic Algorithm (GA) [16] [17] [18] , Particle Swarm Optimization (PSO) [19] [20] [21] [22] , and Di erential Evolution (DE) [6] , [20] [21] , have been employed for low sidelobe array pattern synthesis of Concentric Circular Antenna Arrays (CCAA) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . The application of evolutionary algorithms has spread to many elds of engineering, including electromagnetics [35] [36] [37] [38] [39] [40] [41] [42] . In this work, two di erent geometries of circular array are studied: a) For sidelobe reduction and less complexity, the TMHSCAA is applied; b) For simultaneous reduction of sidelobe and improvement in directivity, the uniformly excited Time-Modulated Concentric Circular Antenna Array (TMCCAA) [20] [21] is applied.
For optimization of TMCCAA and TMHSCAA's variables, DEWM is applied [42] , while keeping the current amplitude excitations uniform.
The remaining part of the paper is divided as follows. In Section 2, the theoretical analyses of TMHSCAA and TMCCAA are presented. Section 3 brie y explains the proposed DEWM-based approach to the designs of TMHSCAA and TMCCAA. Section 4 describes the simulation results with the proposed DEWM-based approach. Section 5 shows the convergence gures of the adopted algorithm. Finally, Section 6 concludes the paper.
Theoretical analysis 2.1. Time Modulated Half Symmetric Circular
Antenna Array (TMHSCAA)
Consider a time-modulated circular array of M (= 4N) isotropic elements, equally spaced on the x y plane shown in Figure 1 (a). Each array element can be turned ON or OFF by RF switch. The circular array is symmetric with respect to the y-axis. The array is excited by a uniform amplitude excitation, I n = I; the phase and switching time of n elements are n and n , respectively, for n = ( N + 1):::0; 1; 2:::(N 1), where n is the index of the array elements. N and N are the asymmetric phases of elements N and N, respectively. Similarly, the switching time sequences of elements are n for n = ( N + 1):::0; 1; 2:::(N 1). N and N are switching time sequences of elements N and N, respectively. The number of elements in the circular array in Figure 1 (a) is symmetrical with respect to y-axis. The elements in the array are not symmetric along the xaxis. In the same gure, dotted line shows the pair of symmetrical elements [n = ( N + 1):::0; 1; 2:::(N 1)] along the y-axis. Therefore, due to symmetrical elements, the number of elements participating in the optimization is M=2( N to N). n and n are not interrelated because array is not symmetric in the x-axis and is used as the optimizing parameter of the evolutionary algorithms. Similar explanation is applicable to n and n .
However, in the conventional uniform antenna array (not optimizing using evolutionary algorithms), there may be a progressive excitation phase relation between the elements ( n = n ) with uniform switching time sequence ( n = n ). After applying the time modulation concept, each element of the circular array is controlled by a highspeed periodic Radio Frequency (RF) switch U n (t) [6] , with periodic switch-on time sequence function as given by:
From Eqs. 
where:
i m n = I n n T p sin c( mF p n )e j mFpn :
Due to the periodicity of U n (t), array factor (1) can be decomposed into a Fourier series which has di erent harmonic frequency components f 0 + m: 
The amplitudes of the Fourier components can be written as i 0n = I n : n =T p at the centre frequency (m = 0). The far eld of Eq. The next task in the optimization process is to de ne the objective function. Objective function is the function that is used to optimize the variable parameters of the Array Factor (AF) of an antenna array. Since the main aim of the objective function in this paper is to reduce the Side Lobe Level (SLL), this problem is termed as the minimization problem. To design a proper and an e ective objective function, two di erent control parameters (switching time sequence and the excitation phase of the elements) have been considered for the optimal synthesis radiation pattern TMHSCAA. The excitation amplitude of each ring is made uniform being equal to 1. This assumption of unity amplitude has been made due to high Dynamic Range Ratio (DRR) of the optimal current excitation weights, which is very di cult to implement practically in the feed network. Dynamic Range Ratio (DRR) is the ratio of the maximum to the minimum normalized optimal current excitation weights of the array. The Objective Function (OF) of improving the SLL of radiation pattern for TMHSCAA is given in Eq. (7):
OF =w 1 jAF 0 ( 1 ; t) + AF 0 ( 2 ; t)j = jAF 0 ( 0c ; t)j + w 2 1
+ w 4 j 0c 0i j : (7) Eq. (7) represents the minimization problem of the objective function. Herein, 0c is the angle where the highest peak of main beam of the computed radiation pattern of TMHSCAA is attained in 2
[ ; ] at the current iteration cycle with the adopted evolutionary algorithms. 0i is the angle where the maximum peak of the initial radiation pattern (without optimization) of AF 0 (; t) takes place. 1 ]. The second term is used to minimize the area covered by the SLL of the radiation pattern of the array. The third term is used to maintain F NBW computed of computed radiation pattern with respect to F NBW (I n = 1). w 1 , w 2 , w 3 and w 4 are the weighting factors chosen as 18, 18, 12, and 12, respectively, so that the rst and second terms dominate to some extent over those of the third and fourth terms.
Design of Time-Modulated Concentric
Circular Antenna Array (TMCCAA)
Let us consider CCAA with P concentric circular rings, where the pth (p = 1; 2; :::; P ) ring has a radius r p and the corresponding number of elements in each ring is N p as shown in Figure 2 . From Figure 2 , the array factor for TMCCAA, AF(; t), can be written [20] as follows:
where I p is the excitation amplitude of an element on the pth circular ring (where I p = 1 throughout this study); k = 2=; is the wave-length of the signal. and are elevation and azimuth angles, respectively. In this paper, = 0 is considered. Angle pi is the element-to-element angular separation measured from the positive x-axis. Operating frequency is f 0 in (Hz). There are nine rings where radius of the each ring is given by r p = p=2, where p = 1; :::; P and d p is the uniform inter-element spacing between the elements in the ring. Then, the number of elements in the pth ring pth is given by [29] :
Since the number of elements must be an integer, the value in Eq. (10) must be rounded up or down. To keep d p =2 and allow su cient element spacing, the digits to the right of the decimal point are dropped. p is not just p , it is represented as pi given in Eq. (11) which is the azimuthal angle from the x-axis to the ith element of the pth ring: pi =2 i 1 N p p = 1; :::; P ; i = 1; :::; N p ; (11) d p is the uniform inter-element spacing of each element in the pth ring. In this paper, the optimized value of the inter-element spacing (d p ) is uniform for the entire ring. This is the reason why the optimized interelement spacing achieved by the adopted algorithm is uniform for all the rings, as shown in the 
The far eld of Eq. (14) contains the mth harmonic frequency components m:f prf , where p = 0; 1; 2; :::; 1. From Eq. (14), the array factors for the operating frequency, the rst positive sideband, and the second positive sideband can be obtained. The directivity, P 0 , at the fundamental (centre) frequency, P (SR) at the harmonic frequency, and dynamic eciency are given as follows. The power radiated by TMCCAA, P 0 , at the fundamental (centre) frequency is given by Eq. 
The power radiated by TMCCAA, P SR , at the harmonic frequency is given by Eq. (16) [20] : Thus, from Eq. (16), powers radiated at the rst harmonic frequency (P 1 ) and second harmonic frequency (P 2 ) are given by Eqs. (17) and (18), respectively: In this paper, two kinds of comparisons are performed. The rst comparison is to show the superiority of the adopted algorithm over the other algorithms. On the other hand, two di erent geometric conditions of TMHSCAA are considered. In the case of time-modulated half-symmetric circular arrays (TMH-SCAA), inter-element spacing is kept as =4 (ka = M=4) with uniform amplitude excitation and interelement spacing where M is the number of elements in the array. Due to the symmetry of the array of 20-and 36-element arrays, only 11 and 19 variables of switching time sequences and excitation phases of elements together need to be optimized by RGA, PSO, DE, and DEWM algorithms. Figures 3 and 4 show the optimal radiation patterns obtained by di erent algorithms for 20-and 36-element TMHSCAAs, respectively. The gures also illustrate the normalized radiation patterns at f 0 as well as at the rst two sideband frequencies f 0 + F p and f 0 + 2F p . Table 1 shows the switching time sequence and the phase excitation of each element obtained for 20-and 36-element arrays by DEWM for TMHSCAA. Table 2 -Case 1. Optimization of only switching time instant of each ring: In this case study, only switching time instant is optimized using DEWM; however, all the radiation pattern control parameters are kept unaltered as the uniform CCAA. Table 3 shows the optimal values of optimized parameters of Case 1 and Case 2 obtained by DEWM for TMC-CAA. From Table 4 , for Case 1, DEWM outperforms PSO [20] , DE [20] , uniform CCAA, and the reported result in [22] .
-Case 2. Optimized switching time instant, ring radii and optimal uniform inter-element spacing: In this case study, switching time instant, ring radii, and optimal uniform inter-element spacing are optimized using DEWM. From Table 4 , for Case 2, DEWM outperforms PSO [20] , DE [20] , uniform CCAA, and the result reported in [20, 22, 29] . Figures 5 and 6 show the radiation patterns (dB) obtained by DEWM for Cases 1 and Case 2, respectively.
Convergence pro le of DEWM
This section shows the comparative performance analysis of the algorithm. The convergence curve is plotted for the tness function against the iteration cycle. From Figure 7 , it is clear that DEWM gives a better convergence performance over PSO [20] , and DE [20] . The programming was written in MATLAB language using MATLAB 7.5 on dual core (TM) processor, 2.88 GHz with 1 GB RAM.
Conclusion
This paper deals with two di erent types of timemodulated circular antenna array geometries. The uniform current excitation and equal inter-element spacing based Time-Modulated Half-Symmetric Circular Antenna Array (TMHSCAA) are designed, which e ciently synthesize much lower SLLs as compared with those of the conventional arrays in the azimuthal plane. In the single ring TMCCAA, the elements have been designed so that it is symmetric in the vertical axis; thus, it has become the Time-Modulated HalfSymmetrical Circular Antenna Array (TMHSCAA). The Di erential Evolution with Wavelet Mutation (DEWM) is applied as an e cient algorithm to optimize the excitation phase and the switch-on time 
